We sought to determine whether cobalt-chromium alloy (CoCr) femoral stem tapers (trunnions) wear more than titanium (Ti) alloy stem tapers (trunnions) when used in a large diameter (LD) metal-on-metal (MoM) hip arthroplasty system.
The head-neck taper junction is an important factor contributing to the failure of large diameter (LD) metal-on-metal (MoM) total hip arthroplasty (THA). 1 In previous in vitro experiments, several parameters were recognised which play a role in the successful function of this interface. These parameters included the size, offset, roughness and angle of the head; the roughness of the stem; the length and diameter of the taper; whether the taper is straight or conical; and whether the angles of the male and female tapers match. 2 Concerns have been raised regarding the use of mixed metallurgy taper junctions due to the perceived increased risk of corrosion. 3 The reported incidence of corrosion at the headneck junction in THA ranges from 0% to 28% for cobalt-chromium alloy (CoCr) on CoCr couples and up to 50% for titanium alloy (Ti) on CoCr couples. [4] [5] [6] [7] In one of the first largescale explant studies, Collier et al 6 found no corrosion in similar (CoCr on CoCr) taper junctions. As corrosion was only identified in mixed metal junctions, the authors concluded that material loss was due to galvanic corrosion rather than fretting. The subsequent retrieval study of Gilbert et al 8 contradicted this conclusion, finding corrosion in both mixed and similar metal junctions. They coined the term 'mechanically assisted crevice corrosion' (MACC), or 'fretting crevice corrosion' for the observed process. Subsequent in vitro studies have presented evidence consistent with MACC. 9 The clinical impact of combining dissimilar alloys in taper junctions remains unclear. In junctions composed of a Ti stem and CoCr head taper, the vast majority of material is lost from the CoCr surface. 10, 11 The softer Ti male taper may wear the female surface due to the deposition of a thick titanium oxide layer which has a greater hardness than the CoCr surface. 12 Rougher male and female taper surfaces are associated with greater rates of material loss at the female taper surface, suggesting a wear phenomenon. 13 To our knowledge, no previous studies have used modern techniques including 3D mapping to quantify and compare material loss at the male and female taper surfaces of similar and mixed junctions. This study was carried out to address this issue. We hypothesised that CoCr stems would lose relatively more material than Ti alloy stems when used with a CoCr head.
Materials and Methods
Terminology. In this paper, we use the terms 'mixed' and 'Ti on CoCr' to describe taper connections composed of a Ti alloy femoral stem used in combination with a CoCr head. We use the terms 'similar' and 'CoCr on CoCr' to describe taper connections composed of a CoCr femoral stem and CoCr head. 'Female taper' refers to the head taper surface and 'male taper' refers to the femoral stem taper or trunnion. Samples. The Northern Retrieval Registry is an initiative involving surgeons and engineers in the United Kingdom.
14 Analysis of explanted orthopaedic devices is conducted on a routine basis for all retrieved components in participating hospitals (NRES reference 09/H0905/41). Explants were included in this study if they had a MoM bearing surface; a nominal 12/14 taper construct with a male taper angle close to 5.666°; a macroscopically ridged male taper surface, and known demographics (age and gender of the patient, and time in vivo of the implant). So called 'mix and match' hip combinations were excluded. 15 Explants were collected between 2008 and 2014. Volumetric wear assessment of the femoral and acetabular bearing surfaces and male and female taper surfaces was undertaken with a coordinate measuring machine (CMM) (Legex322; Mitutoyo, Tokyo, Japan) using validated methodology. 10, 16 As well as quantification of material loss, these techniques generate a wear map to allow visualisation of the pattern of wear. 16 The surface topography and cone angle of the male and female taper surfaces were measured using a SJ400 contacting profilometer (Mitutoyo) and the CMM, respectively. Surface changes of the explanted CoCr femoral stems were assessed visually using a previously published grading scale.
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Quantitative assessment of material loss. The primary goal of this investigation was to determine whether material loss in similar metal taper junctions was more evenly distributed between the mated surfaces when compared with mixed metal junctions. A power analysis used to calculate the numbers needed in the two groups estimated that 20 samples would be needed to achieve significance. Using previous experience of measurement of similar and mixed metal taper junctions we knew that the mean ratio of female: male volumetric loss in similar alloys was approximately 3, and that titanium loss was around 10% that of CoCr in mixed metal alloys. The desired power was 0.80 and the alpha value was 0.05. We believed it reasonable to assume that a clinically significant difference in the ratio of material loss was at least 0.5. We used two statistical approachesbasic and complex.
In the basic approach, the ratio of the male to female taper material loss was compared in the two groups using the Mann-Whitney U test. Then, to eliminate the possibility that the total amount of material loss at the junction might affect this ratio, a regression model was constructed using 'similar' versus 'mixed' as a categorical variable, with total volumetric taper wear (log transformed to achieve an approximately normal distribution) as covariate. In the tables, equations of models are quoted along with standardised coefficients, standard errors, 95% confidence intervals (CI) and t values.
The complex approach attempted to account and adjust for other factors and to validate the results of the basic approach. Total volumetric wear values were converted to mean annual wear rates by dividing by the number of years in vivo. Spearman rank correlation was then used to examine the relationship of mean annual wear rates to each individual variable. Variables under investigation were patient factors (gender; age at primary surgery) and design/implant factors (duration in vivo; female/male taper angle; taper surface roughness; angular mismatch). Femoral head offset was not included as these values are inconsistent between manufacturers' components. Instead, head offset was accounted for by calculation of the horizontal lever arm distance (HLA) as previously described. 18 The HLA distance is the horizontal distance from the bearing surface to the base of the trunnion. Its primary component is the bearing diameter, but also incorporates the head offset and the femoral stem shaft angle. The results of these univariable tests determined which variables would then be entered into a multivariable model. Statistical significance was set at p < 0.05. Multiple regression analysis. With log transformed taper volume loss as the response variable, stepwise multiple regression was performed. The independent variables were as listed above, along with 'similar' versus 'mixed' acting as a categorical variable. Three dependent variables were investigated: female taper volumetric loss; male taper volumetric loss and combined (male plus female) volumetric loss. Forward and backward stepwise approaches were used to ensure that there were no practical differences in the statistical methods used. Characterisation of material loss. Wear maps of female and male tapers were generated as part of the CMM analysis. The distribution of material loss in the two groups were compared qualitatively. Profilometry was performed with each explanted femoral stem undergoing surface roughness analysis using the profilometer; in all 11 0.8 mm measurement traces were taken over the superior and inferior surfaces. These traces were taken sequentially from the base of the taper (position 1) towards to the tip (position 11). For each unit measurement the roughness mean (Ra) was recorded. The mean Ra for each position was then calculated for the CoCr and Ti stems and plotted in order to identify trends in material loss. In stem tapers with ridged surfaces, material loss leads to removal of the tips of the ridges and therefore material loss reduces the Ra value. A regression model was used to examine the trend in changes in Ra related to female taper material loss between CoCr and Ti stems.
Due to the size restrictions of the chamber of our electron microscope (Vega 3LMU; Tescan, Brno, Czech Republic), the male tapers of monoblock stems could not be examined without first being sectioned. As a result, and in order to avoid destructive testing, we performed scanning electron microscopy (SEM) analysis on two stems: one was a CoCr monoblock stem which was sectioned at revision (Solution; DePuy Synthes, Warsaw, Indiana) and the second was a Ti modular neck component (Kinectiv; Zimmer Biomet, Warsaw, Indiana). These samples were not part of the current study due to lack of accompanying clinical data. However, they were deemed appropriate to act as representative samples due to the similarity of their stem taper morphology and topography compared with the others in the study, and the fact that the modular stem had no significant surface changes at the distal modular junction. The mated female head tapers were also examined using the SEM, along with ten CoCr heads (five used with Ti stems and five used with CoCr stems) used in the study.
Results
A total of 49 hips were examined (49 patients), all of which were revised for adverse reactions to metal debris. Implant details and patient demographics are shown in Table I . The details of the tapers analysed in the study are shown in Table II . Basic statistical approach. The median ratio of volumetric material loss in the female and male tapers was 2.98 in the mixed taper group and 1.61 in the similar group (p = 0.015, Mann-Whitney U test). In six of the 49 female tapers the Figure 1 shows the spread of female to male material loss ratios with these six results removed. The regression model, which accounted for total material loss, also demonstrated a significant difference between similar and mixed taper junctions (p = 0.016) (Fig. 2) . Univariable analysis. Results of the univariable analysis are shown in Table III . Bearing diameter (Fig. 3 ), HLA and taper angles were found to be the variables with the greatest contribution to variation in taper wear rates. Multiple regression analysis. Stepwise regression models returned consistent results using either forward, backward or best fitting methods. The results given below were generated from the results of the best fitting models. Multiple regression analysis: female taper material loss. The best fitting regression model returned an R 2 value of 46%. HLA and duration in vivo provided approximately 25% of the variation in the taper wear measurements (p < 0.001) (Table IV) . Metallurgical combination, female taper angle and female Ra contributed smaller, roughly equal amounts to the model.
Multiple regression analysis: male taper material loss.
The best fitting regression model returned an R 2 value of 73% (p < 0.001) ( Table V) . The dominant variable was metallurgical combination, which provided 65% of the explanation for the variation in male taper material loss, with the magnitude of male taper material loss being significantly greater in CoCr stems. HLA and Ra of the female taper contributed smaller, equal amounts to the model. (Fig. 4) . The profilometry measurements taken from the CoCr and Ti stem tapers were similar in that the lowest Ra values (indicating the greatest material loss) were found at the base of the tapers. The trend towards an increase in Ra towards the male taper tip was far greater in the CoCr tapers, consistent with the larger volume loss observed in CoCr stems. Scatter chart to illustrate the relationship between the volumetric loss from the male and female taper surface for the similar and mixed metal groups (Co, cobalt; Cr, chromium; Ti, titanium).
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Characterisation of material loss: qualitative assessment. The site of maximal loss at the female taper surface invariably corresponded to the point of engagement with the base of the male taper, irrespective of manufacturer or mixed versus similar metal junctions. Representative wear maps are shown in Figure 5 . SEM: typical findings at the site of maximal damage at the female surfaces are shown in Figure 6 .
Profilometry: mean Ra values obtained at each male taper position are shown in Figure 4 . Typically, the surface ridges were preferentially lost at the base (distal aspect) of the taper surfaces. This was confirmed using SEM analysis (Figs 7 and 8) .
Stem surface assessment: of the CoCr stems, two showed no obvious surface changes; on the Bryant scale, nine scored 1, five scored 2 and five scored 3.
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Discussion
The results of this study demonstrate that, when used with similar CoCr heads, there is greater material loss in CoCr stem tapers than in Ti stem tapers. This difference remains after adjustment for other factors in the multivariable model.
Previous authors have hypothesised that a combination of crevice corrosion, oxide fracture and galvanism result in a preferential attack of the CoCr alloy taper surface. 1, 3, 8, 9, 11, 15, 19 In the majority of explants in this study, there was widespread blackened debris extending distal to the engagement area. Whilst this would contribute to an increased Goldberg corrosion score, 20 it does not represent corrosion of the original surface but deposition of debris ('metal on', not 'metal off'). Therefore, we suggest that the accepted view that corrosion is the fundamental cause of material loss at the taper junction should be re-examined.
The changes at the female surface appeared similar whether they had been used with a Ti or CoCr stem. In the area of maximal damage, which corresponded to the area interacting with the base of the trunnion, there was an abrupt transition from the original manufacturing marks to an area which appeared polished. While there were pits consistent with corrosion, these areas represented a small proportion of the total area of removed material. In both mixed and similar metal groups, the observed damage to the male and female taper surfaces sequentially decreased, the deeper into the taper crevice the examination took place. These findings would not be consistent with typical pitting or crevice corrosion which would lead to diffuse changes in the pH of the taper environment and dissolution Box and whisker chart demonstrating the significant relationship between the bearing diameter and the rate of volumetric material loss from the taper junction. The boxes represent the interquartile distribution and the whiskers the range of the data. The horizontal line represents the median value. The size groups were selected to represent an equal spread of data.
of the metal surfaces. 3, 16 Instead, these findings could possibly be consistent with a highly localised MACC phenomenon whereby fretting leads to local disruption of the passivating oxide layer, re-passivation, a depletion of oxygen and a change in the local solution with subsequent attack of the underlying metal. 8 This mechanism would not require the combination of dissimilar metals, as we hope we have demonstrated in the current paper. Our previous work found that the imprinting of Ti on the female taper of mixed junctions could result from a mechanical process. 12 In vivo, the surfaces of Ti and CoCr alloys both form oxide layers, but the oxide layer becomes thicker on Ti components. Nanoindentation studies 12 involving in vitro and ex vivo samples indicate that this Ti oxide layer confers a greater hardness to the surface layer of the Ti stem compared with the relatively thin layer which forms on the CoCr surface. Consistent with these findings, we have shown evidence of abrasive wear at CoCr surfaces mated with Ti stems. 16 This differential does not exist in similar metal taper connections, which may be why material loss appears to be more equally distributed between the male and female surfaces.
Even in junctions between similar materials, the material loss remains primarily from the female surface, a phenomenon which we cannot currently explain. This is similar to the findings in the articulating surfaces of MoM systems, where the majority of wear is from the femoral head rather than the acetabular component. 21 Bearing diameter is the main constituent of the lever arm acting at the taper junction which in turn is a critical factor in the failure of taper junctions in MoM hip athroplasty. 18 This has been shown again in this study (Fig. 3) . Larger Bearing wear rate was rejected from the model, as was angular mismatch of taper. The R 2 value was 46% with the equation for the model: log female total volumetric loss = -42.612 + (0.009*duration) + (7.031*female taper angle) + (0.351*Ra) + (0.109*HLA) -(0.802 IF CoCr on CoCr taper connection) HLA, horizontal lever arm distance; Ra, roughness; Co, cobalt; Cr, chromium The R 2 value for the model was 45% with the equation for the model: log combined volumetric loss = -27.173 + (0.006*duration) + (4.449*female taper angle) + (0.265 *Ra) + (0.082*HLA) -(0.438 IF CoCr on CoCr taper connection) HLA, horizontal lever arm distance; Ra, roughness; Co, cobalt; Cr, chromium diameter femoral heads provide a simple mechanical means by which tapers may fail. The increased use of such components over the last 15 years also provides a logical explanation for the increasing recognition of taper debris as an important mode of failure in contemporary hip arthroplasty.
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A lack of sufficient explant data and primitive methods of analysis have hampered the development of knowledge in this area. 19 Most contemporary studies rely on the fourpoint visual grading scale devised by Goldberg et al. 20 At the time of writing, we identified only six studies using volumetric wear analysis 11, 13, 18, [23] [24] [25] to assess failed tapers, all of which were published in the last five years. While visual assessment does identify damage, there is a clear ceiling effect to this scale. In our experience, the vast majority of tapers with greater than 0.5 mm 3 of volumetric loss achieve the maximum Goldberg score. The conclusions of this study would have been completely different had the Goldberg score been used to gauge the extent of taper damage: 19 of the 21 (90%) similar tapers in this study would have achieved a maximum Goldberg score, compared with only 15 out of 28 (54%) in the mixed metal group.
There are limitations to this study. Firstly, common to all retrieval studies, is that the included implants were by definition not functioning optimally. The reported results should therefore not be taken in isolation but placed into the wider clinical context along with information from joint registries and other sources. The second limitation is that all included CoCr stems were cemented and all Ti stems were cementless; this is due to the fact that in the United Kingdom the use of cementless CoCr stems is relatively rare. 22 As reported by other authors, 17 some of these components showed evidence of surface changes at the body which some investigators 17, 26 believe to be secondary to the effects of corrosion. We do not have reason to suspect that these surface changes would change the proportion of material loss from the male and female components, which was the primary outcome measure in this study, but would recommend further investigation of this relationship. A further limitation of this study was the absence of adequate pelvic radiographs for all patients. This meant that component position could not be assessed. In previous studies, we have demonstrated no clear relationship between acetabular component inclination or anteversion, bearing wear or femoral offset on material loss at the trunnion, so we believe it is unlikely that these missing data would significantly alter the conclusions of this study. 13, 18 In context with the existing body of literature, the current study has several strengths: the use of accurate methodology to produce quantitative results with clinical significance 27 and the measurement and control of, factors previously shown to be of importance, either by selection criteria or statistical adjustment.
These results underline the importance of mechanical factors in the function of the head-neck taper connection and re-emphasise the risk to this junction posed by large diameter bearings. When taper junction damage is identified at revision surgery, it should be suspected that a male taper composed of CoCr has sustained significant changes to the taper cone geometry. These changes in form are likely to be appreciably greater than those affecting a Ti stem and Scatter chart showing the results of all the profilometry results obtained from measurement of explanted male tapers. Position 1 is the base (distal aspect) of the male taper and position 11 at the tip of the taper. For all the values on each surface and on each group the data were pooled and a mean value calculated and plotted. In both groups and in the superior and inferior positions there was significant trend towards an increasing roughness (Ra) value the closer to the tip the measurement was taken. A reduction in Ra indicated material loss, therefore wear was maximal at the base of the male tapers for both mixed and similar metal systems (Co, cobalt; Cr, chromium; Ti, titanium). Coordinate measuring machine generated wear maps from the two groups. Distribution of material loss was similar between the two groups and followed patterns we have previously described.
consideration should be given to removal of a polished tapered CoCr stem in these circumstances.
Take home message:
-When taper damage in a CoCr metal head is identified at revision surgery, it should be suspected that a male taper composed of similar material will have developed significant changes to the taper cone geometry. These changes in form are likely to be appreciably greater than those affecting a Ti stem. Scanning electron microscopy images recorded from typical female titanium alloy (left, ×205 magnification) and cobalt chromium alloy (right, ×250 magnification) tapers. The heads have been upturned and the images focus on the transition between the unworn female surface and the area of maximum material loss (where the base of the male taper has worn into the surface). In both images, the visible regular machining marks of the original surface have been polished away deep to the engagement level. Scanning electron microscopy images of the examined male titanium alloy (Ti) (left, at ×200 magnification) and cobalt chromium alloy (CoCr) (right, at ×100 magnification) tapers. In both cases the corresponding female tapers had lost approximately 1 mm 3 of material. The images suggest greater wear of the CoCr taper compared with the Ti, as the original machining marks of the Ti surfaces have been retained. This was confirmed with the coordinate measuring machine and profilometry.
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This article was primary edited by A. D. Liddle and first proof edited by G. Scott. Fig. 8 Scanning electron microscopy of the cobalt chromium alloy male taper. The images have been taken at the same level of magnification (×100). The images top left and top right were taken at the proximal end of the taper (inferior surface right, superior surface left). The bottom left and bottom right were taken at the distal end of the taper (inferior surface right, superior surface left).
